Previous energetic considerations have led to the belief that carbon nanotubes (CNTs) of 4 A in diameter are the smallest stable CNTs. Using high-resolution transmission electron microscopy, we find that a stable 3 A CNT can be grown inside a multiwalled carbon nanotube. Density functional calculations indicate that the 3 A CNT is the armchair CNT2; 2 with a radial breathing mode at 787 cm ÿ1 . Each end can be capped by half of a C 12 cage (hexagonal prism) containing tetragons.
Previous energetic considerations [1] have indicated that 4 A is the smallest possible diameter of carbon nanotubes (CNTs), and the 4 A CNTs [2, 3] can be capped with a hemisphere of the smallest fullerene C 20 containing only pentagons [4] . Another calculation [5] predicts that some sub-4
A CNTs could be mechanically stable at temperatures as high as 1100 C. It is natural to ask: what is the smallest possible CNT? We report the discovery by high-resolution transmission electron microscopy (HRTEM) of the smallest stable 3 A CNT, which is formed inside a multiwalled carbon nanotube (MWNT) prepared by hydrogen arc discharge [6] . Density functional calculations show that the 3 A CNT is probably the armchair CNT2; 2, and each end can be capped by half of a C 12 cage [7] that includes pentagons and tetragons. The calculated frequency of a radial breathing mode (RBM) for the CNT2; 2 is around 787 cm ÿ1 , so that Raman spectroscopy should also be able to demonstrate the existence of a 3 A diameter nanotube. The physical properties of CNTs depend on their diameter and chirality. Sub-5
A CNTs tend to be metallic due to strong -hybridization resulting from severe tube curvature [8] , and 4 A CNTs have been found to be superconducting [9] . Using an arc discharge with hydrogen [6] instead of helium [10] , Qin et al. have prepared 4
A CNTs confined inside MWNTs [2] . Moreover, a new one-dimensional (1D) carbon allotrope, the carbon nanowire (CNW), consisting of a long linear carbon chain inserted into the innermost tube of an MWNT, has also been found [11] . The same preparation method [2, 6, 11] has been used here in pure hydrogen gas at a pressure of 8:0 10 3 Pa. For HRTEM observations (JEOL-2010F, at 120 kV), the core of the cathode deposit including MWNTs was ground to fine powder in ethanol, dispersed ultrasonically, and placed on a TEM microgrid. A CNT: the zigzag CNT4; 0, the armchair CNT2; 2, and the chiral CNT3; 1 with unrelaxed diameters of 3.32, 2.72, and 2:83 A, respectively. We have performed density functional calculations with simulated annealing [13] to study the structures of these three CNTs. The optimized diameters have been obtained by using infinitely long tubes obtained by applying periodic boundary conditions along the axis of the CNT, e.g., for the open-ended model of CNT2; 2 in Fig. 3(a) . The CNT2; 2 has the smallest diameter (2:81 A), followed by CNT3; 1 (3:03 A) and CNT4; 0 (3:32 A). The method is described in detail elsewhere [14] . The energy differences are relatively small, with the largest CNT4; 0 being 0:15 eV=atom more stable than CNT3; 1, with CNT2; 2 an additional 0:12 eV=atom higher in energy. The smaller CNT have diameters larger than the unrelaxed structures, as noted previously [14 -19] , and the dilation can be more than 3% in CNT with diameters less than 4 A [14, 16 -19] . Our calculations are consistent with these findings, and they show that CNT2; 2 is the only structure that is consistent with the diameter measured in HRTEM (2:8 A). Note that the further radial expansion of 3 A CNT induced by the innermost tube in MWNT [e.g., CNT2; 2@7; 7 in Ref. [14] ] make the other two structures more unlikely. The temperature at which the CNT are produced is so high that the small differences in the total energy play a little role.
P H Y S I C A L R E V I E W L E T T E R S
These calculations have been extended to study the energetics and geometries of CNT2; 2 with caps at each end. Four supercell models of isolated CNT2; 2 segments, whose geometries have been optimized using simulated annealing [13] , are shown in Figs. 3(a) -3(d) . A supercell model of a graphene strip obtained by unrolling the CNT2; 2 is depicted in Fig. 3(e) . The total energy of this graphene strip defines the zero of energy used in the following discussion.
The ''open-ended'' model [ Fig. 3(a) ], the ''closed'' model [ Fig. 3(b) ], and the ''triangle cap-ended'' model [ Fig. 3(c) ] have total energies of 0.29, 0.24, and 0:23 eV=atom. The ''square cap-ended'' model [ Fig. 3(d) ] has the lowest total energy (0:17 eV=atom) among the CNT2; 2 models. In Table I , the structural parameters of the CNT2; 2 cap in the square cap-ended model are presented. We note that the pentagons have a torsion angle C5C6C7C10 12:0 . As the CNT diameter is reduced to 3 A, it is essential to introduce two tetragons to form a cap structure [see Fig. 3(d) ], which can be viewed as half of a C 12 cage, a hexagonal prism [7] .
For the infinite CNT2; 2, which has four hexagons around its circumference, severe steric distortion from the graphitic sp 2 bond takes place. The C-C bond perpendicular to the tube axis, L C1C2 [see Fig. 3(d) Raman spectroscopy could also be used to confirm the existence of the 3 A CNT formed inside the MWNT, by using established techniques for studying the Raman spectra of the MWNT and the RBM of the 4 A CNT confined inside the MWNT [20, 21] . The Raman spectrum of the infinite CNT2; 2 was calculated using a finite difference method [13] . The RBM frequency is predicted to be about 787 cm ÿ1 , the detection of which would require the use of resonance Raman enhancement effects. Since the Kataura plot [22] cannot be used to predict the resonance conditions, electronic structure calculations should be performed for the CNT2; 2 before attempting to observe its RBM.
The total energy of the infinite CNT2; 2 lies 0:27 eV=atom above that of the corresponding graphene strip and deviates slightly from the relative energy calculated by the open-ended model of the finite CNT2; 2 (0:29 eV=atom). This shows that the CNT2; 2 has a higher energy than the corresponding graphene strip, in good agreement with previous predictions [1, 5, 19] . The growth mechanism of the 3 A CNTs should be similar to that of the 4 A CNTs confined inside MWNTs [2] and CNWs [11] . Both hydrogen atoms and very high temperature produced by the arc plasma play an important role in the formation of the 3 A CNTs. It remains a challenge to prepare 3
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